Introduction: Salt-induced hypertension in the Dahl rat is associated with increases in angiotensin II, aldosterone, free radical generation and endothelial dysfunction. However, little is known about the specific mechanism(s) associated with the end-organ damage effects of aldosterone. We hypothesised that eplerenone reduces kidney damage by blocking nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity. Methods: Dahl salt-sensitive rats fed either a low-salt (LS) or high-salt (HS) diet were treated with aldosterone in the presence of eplerenone or apocynin. Indirect blood pressure was measured prior to start of diet and weekly thereafter. Levels of plasma nitric oxide (NO) and urinary 8-isoprostane were measured following treatment. Protein levels of selected subunits of NADPH were assessed by western blot. Results: Eplerenone and apocynin inhibited the rise in blood pressure induced by HS and/or aldosterone. This observation was accompanied with a parallel change in kidney protein levels of NADPH oxidase 4 (NOX-4) and p22phox. Aldosterone and high salt were associated with lower NO levels and greater renal oxidative stress. Conclusions: NADPH oxidase is associated with the vascular and renal remodelling observed in high dietary salt intake. Aldosterone-induced expression of NOX-4 plays a pivotal role in the end-organ damage effect of aldosterone, as eplerenone tended to reduce kidney damage and inhibit NOX expression.
Introduction
Salt-induced hypertension associated end-organ damage may be due to direct effects of aldosterone on cardiac, renal and other vascular tissues. It is of paramount importance to gain an in-depth understanding of the vasculopathic effects of aldosterone, one of the major culprits associated with the renin-angiotensin-aldosterone system (RAAS), which is significantly elevated following high salt administration in Dahl rats. Salt-induced hypertension has been linked with increased oxidative stress and endothelial dysfunction, which may be due in part to angiotensin II-induced increase in aldosterone. Thus, aldosterone blockade has been shown to protect the kidneys and sharply decrease proteinuria. 1 Attenuation of renal damage by eplerenone, a mineralocorticoid receptor antagonist, supports the protective effects of aldosterone blockade in hypertensive renal damage. 2 The mechanism(s) associated with the vasculopathy effects of aldosterone has not been adequately investigated. Pu et al. 3 reported that in rats infused with aldosterone, an increase in oxidative stress in the vascular wall is associated with impaired endothelium-dependent relaxation. Previously, we found that oxidative stress induced by buthionine-sulphoximine (BSO) caused significant elevation of nicotinamide adenine dinucleotide phosphate (NAD(P)H). 4 Inhibiting NAD(P)H oxidase ameliorates the adverse myocardial effects of aldosterone, suggesting that NAD(P)H oxidase may be a source of reactive oxygen species (ROS) in response to activation of the mineralocorticoid receptor. 5 Thus, we suspect that aldosterone may be directly acting on a specific subunit of NADPH oxidase.
The purpose of this study was to examine the signal pathways associated with aldosterone/salt-induced hypertension via inhibition of aldosterone at the receptor level and by use of the NADPH oxidase inhibitor, apocynin. In addition, nitric oxide (NO), 8-isoprostane and protein excretion were assessed to determine the effect of aldosterone on endothelial function, oxidative stress and renal injury respectively. Several previous studies, including our laboratory, have consistently shown that dietary salt-induced hypertension in the Dahl rat is associated with endothelial dysfunction as evidenced by a reduction in NO and prostacyclin, concomitant with increased levels of renal and cardiac angiotensin II and aldosterone. 6, 7 Dissecting the effects of aldosterone under low-salt (LS) and high-salt (HS) diets will advance our knowledge on how aldosterone contributes directly to sensitising tissues in the presence of salt.
Methods

Experimental design
Male Dahl salt-sensitive rats (4-5 weeks, Charles River Laboratories, Wilmington, Massachusetts, USA) were grouped three per cage in an animal facility that has 12-hour light/ dark cycles with the temperature controlled at 21-23 o C. Food and water were available ad libitum. Following acclimatisation, the animals were divided into two groups: (1) LS diet (0.3% NaCl; n = 24); and (2) HS diet (8% NaCl; n = 24). Within each group, the rats were placed on one of four treatment protocols: (1) no drug (control); (2) aldosterone (ALDO; 0.2 mg pellet); (3) ALDO + eplerenone (100 mg/ kg/day in the drinking water); or (4) ALDO + apocynin (1.5 mM in the drinking water) for 4 weeks. Prior to treatment (basal) and weekly thereafter, body weight, systolic blood pressure and heart rate were measured.
Indirect blood pressure measurement in conscious rats. A non-invasive tail cuff acquisition system (The CODA 2 System, Kent Scientific, Torrington, Connecticut, USA) was used to measure systolic blood pressure and heart pulse rate.
Collection and storage of blood samples. Blood samples (2.0 ml), for NO measurement, were collected into chilled heparinised tubes. Blood samples (5-10 mL) were withdrawn via cardiac puncture (under ketamine/xylazine i.v.) prior to sacrifice and transferred to heparinised tubes. All blood samples were then centrifuged at 3000 × g for 25 min at 4 o C. All plasma samples were frozen in aliquots and stored at -80 o C until assayed.
Tissue harvesting. Immediately following collection of blood by cardiac puncture, both kidneys were harvested from all animals, frozen in liquid nitrogen and stored at -80 o C. The ratio of kidney wet weights to body weight was calculated.
Measurements of NO, and urinary protein, sodium and 8-isoprostane
Plasma NO (as nitrates + nitrites) levels (µM) were measured by a microplate assay using the Greiss reagent (Active Motif Carlsbad, California, USA). After 4 weeks of treatment, fluid excretion was analysed by placing rats in metabolic cages for 24 hours with continued treatment and liquids, as well as food ad libitum. Urinary 8-isoprostane, a marker for oxidative stress, and urinary protein excretion were analysed using an enzyme-linked immunosorbent assay (EIA). Urinary sodium was measured with an Electrolyte 10+ Analyzer (Nova Biomedical, Waltham, Massachusetts, USA). Sodium concentration of the urine was divided by urine volume collected in the 24-hr period to derive excretion/day.
Western blot analysis. Tissue samples of kidneys were homogenised in ice-cold T-PER lysis buffer containing a protease inhibitor cocktail (Pierce, Rockford, Illinois, USA). Homogenates were pelleted at 3000 × g for 5 minutes at 4°C, and supernatants were collected for western blotting. Protein concentrations were determined using the Bradford protein assay (Bio-Rad, Hercules, California, USA). Tissue lysates (30 mg) were separated by 4-12% Bis-Tris gels (Invitrogen, Carlsbad, California, USA) and electrotransferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were incubated overnight at 4°C with specific antibodies to p22phox, p47phox or NADPH oxidase 4 (NOX-4) (Santa Cruz Biotechnology, Santa Cruz, California, USA). After incubation with the secondary antibody, immune complexes were detected using the enhanced chemiluminescence method. Proteins levels from western blots were evaluated by quantifying the band intensities using NIH Image version 1.6.3 software. Densitometry units were normalised to actin. Each lane in a blot represented tissue lysate from one rat. Fold changes between treatment groups were calculated from individual blots, and mean changes were derived from replicates.
Statistical analysis
Values are reported as mean ± standard error (SEM), where n refers to the number of rats used. Statistical significance (p < 0.05) was evaluated using analysis of variance (ANOVA) followed by the Tukey-Kramer multiple comparison test.
Results
Systolic blood pressure
The effect of eplerenone and apocynin on ALDO-augmented blood pressure was evaluated in salt-sensitive rats fed a LS or HS diet (figure 1A). As shown in figure 1A , animals on a LS diet treated with aldosterone only showed a significant increase in systolic blood pressure (SBP) compared to controls (171 ± 5 vs. 141 ± 5 mmHg, respectively). Eplerenone blocked the increase in SBP induced by aldosterone (128 ± 3 mmHg). Also, SBP was slightly but significantly reduced by apocynin (157 ± 6 mmHg) when compared to aldosteroneonly treated rats. In contrast, rats fed the HS diet with ALDO showed no significant change in blood pressure when compared to the HS control rats (208 ± 8 vs. 209 ± 4 mmHg, respectively; figure 1A ). Eplerenone inhibited the increase in SBP induced by aldosterone and/or a HS diet (177 ± 8 mmHg). In the HS-fed rats, treatment with apocynin for 4 weeks slightly reduced blood pressure (192 ± 4 mmHg) when compared to high salt with or without aldosterone treatment.
Body weights were measured weekly in these rats. The LS-fed rats had significantly higher body weights than their HS-fed counterparts as shown in table 1. Treatment with ALDO, eplerenone and/or apocynin produced no significant change in body weight when compared to control rats within the diet groups (table 1) . Figure 1A represents the systolic blood pressure after 4 weeks on either a low-salt (LS) or a high-salt (HS) diet, with or without (control) treatment with aldosterone in the presence of eplerenone or apocynin. Figure 1B shows urinary 8-isoprostane levels following 4 weeks on the treatment protocols.
Data are represented as mean ± SEM for six animals per group. Significant difference (p < 0.05) from the LS group's systolic blood pressure is denoted by #; * denotes significant difference (p < 0.05) from the control group (no drug treatment: low and high salt); ** denotes significant difference (p < 0.05) from aldosterone treatment only. 
Effect of ALDO on urinary 8-isoprostane
Renal ROS production was determined by measuring urinary 8-isoprostane levels, a marker for oxidative stress. After 4 weeks on dietary salt, urinary 8-isoprostane was significantly higher in the HS-fed rats compared to the LS group (34 ± 5.7 vs. 19 ± 1.0 ng/day, respectively). Treating with ALDO increased urinary 8-isoprostane in both dietary groups (70.7 ± 5 ng/day for LS rats and 46.3 ± 4.9 ng/day for the HS rats). This increase in 8-isoprostane was significantly reduced by eplerenone treatment (figure 1B; 53.2 ± 7 ng/day for LS rats and 12.3 ± 2 ng/day for HS rats). Apocynin treatment had no significant effect on aldosterone-induced production of 8-isoprostane in these rats.
Effect of ALDO on urinary protein and sodium excretion
Urinary protein excretion is an index of renal injury. Table 1 lists results of urinary excretion of albumin and sodium from the various treatment groups in this study. The excretion of albumin and sodium was significantly higher in the HS rats compared to the LS-fed control rats. Treating with ALDO produced no further increase in albumin excretion in the rats fed a HS diet; however, in this study, ALDO treatment in the LS rats produced a significant increase in urinary excretion of albumin when compared to the LS control rats. Treatment with eplerenone or apocynin caused a small but significant decrease in the ALDO-induced excretion of albumin in the LS group and significantly reduced the HS-induced increase in albumin excretion (table 1) . Urinary sodium (table 1) tended to increase in response to aldosterone in both diet groups. The excretion of sodium in the HS rat was sixfold higher than that observed for the LS rat. Treatment with eplerenone significantly reduced sodium excretion induced by aldosterone and high salt.
Effect of ALDO on plasma NO
Plasma levels of the vasodilator NO were greater in the LScompared to the HS-fed rats (figure 2). When ALDO was given to the rats on a LS diet, plasma NO levels were reduced by 35%. In this LS-fed group, treatment with eplerenone or apocynin had no significant effect on plasma NO levels as measured by total nitrate + nitrite. However, rats fed the HS diet in the presence of eplerenone reduced plasma levels of NO by 54% when compared to the control group (HS diet without drug treatment).
Effect of ALDO and drug treatment on protein expression of NADPH subunits
Protein levels of NADPH oxidase subunits were also assessed in these rats. Aldosterone/salt treatment induced a 2-3.5-fold increase in NOX-4 expression when compared to the LS group. Both eplerenone and apocynin blocked the ALDO and HS-induced increase in NOX-4 expression (figures 3 and 4) . Similarly, protein expression of p22phox was increased almost twofold in hypertensive rats as a result of high salt or ALDO treatment, but reversed by either eplerenone or apocynin. In contrast, none of these treatments had a significant effect (<25% change) on p47phox protein levels.
Discussion
This study examined the effect of eplerenone and apocynin on aldosterone/salt-induced hypertension. Administration of aldosterone to non-hypertensive rats for 4 weeks resulted in a progressive increase in blood pressure. Eplerenone therapy significantly lowered blood pressure in the aldosterone-induced hypertensive rats. In contrast, apocynin treatment did not entirely block the aldosterone/saltinduced hypertension but noticeably reduced the rise in blood pressure. Furthermore, eplerenone and apocynin treatment clearly blocked the aldosterone and salt-induced increase in selected components of the NADPH oxidase, namely p22phox and NOX-4 kidney expression levels. This finding correlates with the inhibition of renal ROS production as measured by 8-isoprostane following treatment with eplerenone. Salt content of the diet appears to be crucial for the hypertensive effect of aldosterone. In fact, aldosterone increased blood pressure in the presence of a LS diet, but not in the presence of a HS diet. We suspect that the addition of aldosterone to the HS group was moderate compared with the increase in endogenous aldosterone induced by a HS diet. We previously reported that the administration of high dietary salt to the Dahl salt-sensitive rat results in an increase in angiotensin II that causes an increase in aldosterone levels. 7 Previous studies have shown that salt loading is associated with an inadequate suppression of aldosterone production and increased aldosterone secretion in response to angiotensin II. 8 Therefore, it is conceivable that the increase in the endogenous aldosterone and angiotensin II in hypertensive rats may eclipse the effect of exogenous aldosterone, thus producing no further increase in blood pressure when salt intake is high. Changes in blood pressure are a common observation after either aldosterone administration or mineralocorticoid receptor antagonism. 9 In the present study, we show that eplerenone inhibits aldosterone-induced hypertension completely in the LS diet group; however, eplerenone response in the HS group was moderate. These findings indicate that the rise in blood pressure during a HS intake diet may be primarily due to angiotensin II acting on the AT 1 receptor, as aldosterone can increase local production of angiotensin II by upregulating angiotensin converting enzyme. 10, 11 Activation of the AT 1 receptor increases NADPH oxidase activity. It is also of interest to note that apocynin impeded the progression of high blood pressure in the aldosterone/salt-treated rats suggesting that specific components of the NADPH oxidase pathway may be involved. These findings are in agreement with Tian et al., 12 who reported that apocynin lowered long-term arterial pressure in Dahl salt-sensitive rats fed a HS diet.
It is now well known that NAD(P)H oxidase is a major source of ROS in the vasculature and kidney. 13, 14 Several studies indicate that aldosterone increases ROS production. 15, 16 Virdis et al. 17 showed that vascular NAD(P)H oxidase activity and ROS production were increased in aldosterone/salt-treated hypertensive rats. In the present study, aldosterone/salt treatment is associated with increased kidney expression of the NOX-4 and p22phox components of NADPH oxidase. These data suggest that at least some of the aldosterone/salt-induced effect in the kidney is mediated through the NAD(P)H oxidase pathway. Salt-induced hypertension did not significantly alter p47phox protein levels, in contrast to Tian et al. 12 who found an increase in p47phox mRNA levels. However, we do not know whether the phosphorylation status of p47phox protein was affected by HS or aldosterone treatment. The present study also showed that increased NOX-4 expression induced by aldosterone/salt was prevented by treatment with eplerenone. These data are consistent with those of previous studies that reported that increased vascular NAD(P)H oxidase in aldosterone/salttreated rats and other pathological conditions are reduced by treatment with spironolactone and eplerenone. 15, 17, 18 Furthermore, the increased expression of NOX-4 by aldosterone/salt and the subsequent blockade by eplerenone correlates with the reduction in urinary 8-isoprostane levels, which is often used as an index of oxidative stress in vivo. 19 These findings are consistent with previous studies in Dahl salt-sensitive rats, which show that 8-isoprostane levels are significantly elevated in HS treatment compared to Dahl salt-resistant rats. 19 Other studies have shown that administration of apocynin to hypertensive Dahl rats can reduce renal damage, oxidative stress and inflammation. 12 Further investigation on the effect of apocynin on aldosterone/salt-treated rats was assessed by measuring NOX-4 expression, a constitutively expressed protein of the NAD(P)H oxidase. Apocynin appeared to reverse the increased protein expression of NOX-4 associated with high blood pressure. NOX-4 is the major catalytic component of the NAD(P)H oxidase in the kidney and endothelium, and requires p22phox for activation. However, ROS production does not appear to require the interaction of cytoplasmic activator proteins such as p47phox, p67phox or Rac1, unlike other isoforms of NOX such as p91phox. 20, 21 The production of ROS associated with treatments that induce high blood pressure is therefore likely to involve oxidation of various molecules including proteins and lipids. Apocynin is believed to impede the assembly of the subunit components of the NADPH oxidase complex. This pharmacological inhibitor of superoxide production appeared to reverse the effects of aldosterone on protein expression of selective components of the NADPH complex. However, apocynin is unlikely to act directly at the transcription level, and the effect on the observed protein levels may operate by other mechanisms. Taken together, these findings suggest that therapeutic targeting of NOX-4 might present an alternative approach to ameliorate salt and aldosterone-induced hypertension. 22 These effects in the vasculature would be expected to increase the bioavailability of NO, thereby improving endothelial-dependent and nitrate-dependent vasorelaxation. However, in this study, eplerenone did not increase plasma NO levels; in fact, the NO levels were reduced. This observation is in direct contrast to our previous findings, which showed an increase in NO levels following treatment with eplerenone. 23 In the previous study, eplerenone was given in absence of aldosterone/salt treatments. However, the assay for plasma NO may not be a true representation of the tissue bioavailability of NO in these rats. However, the assay used measures total nitrates and nitrites and is an indirect measurement of the bioactive form of NO. Thus, we are in the process of measuring tissue levels of NO and other vasoactive agents. It should be noted that although slight, the NADPH oxidase inhibitor apocynin increased plasma NO levels.
In conclusion, the protective effect of a mineralocorticoid receptor blocker is clearly distinct from the effects of a NADPH oxidase inhibitor in the Dahl salt-sensitive and suggests that these agents can have differential effects on the cardiovascular system. Thus, the mechanism underlying these differences seems to involve opposing effects on the regulation of NADPH oxidase.
